Detailed analysis of a residual stress profile due to laser microjoining of two dissimilar biocompatible materials, polyimide (PI) and titanium (Ti) 
Introduction
Laser joining has become a significant industrial process because there are many outstanding advantages in using laser joining over other widely used joining technologies. As an alternative to the common adhesives or solders used for the joining process, laser joining offers a number of attractive features such as high joint strength to joint size ratio, reliability, and minimal heataffected zone. These provide the benefits of low heat distortion, a noncontact process, repeatability, ability to automate, and high throughput. For these reasons, the applications of laser beam joining have broadened in the past decades.
Concurrently, the need to predict laser joining behavior has also become more important since thermal analysis of the laser joint is a prerequisite for optimizing the process parameters as well as the mechanical attributes of the joint, i.e., the thermal distortion and residual stresses. Studies have shown that the laser joining process is very complex, including such phenomena as thermal conduction in a multiphase system, fluid flow, gas dynamics, and plasma effects. A number of simple analytical and numerical models have been developed to describe various aspects of the laser joining process, usually for a specific range of conditions where one or a few phenomena dominate the process ͓1,2͔. Sophisticated computational models of laser joining are required to study a wider range of conditions and the mutual interactions among the various phenomena, although the analysis requires a great deal of calculation and computational power. More complicated models and much more computationally intensive calculations are becoming possible as computer technology is developing.
The residual stresses generated during joining vary with the change in the joining parameters, depending on the procedure of the joining process. Many researches have been done to investigate the residual stresses for specific problems. Because of the complexity of the different applications, several assumptions and approximations, such as reducing the model from threedimensional ͑3D͒ to two-dimensional ͑2D͒, are made to facilitate the analysis. Goldak ͓3͔ made one of the early studies in the advantages of a full 3D model of the welding process. He compared the different forms of 2D approximation to full 3D analysis of the welding process. A common comment among all the previous works was that any discrepancy in the results is mainly due to the approximation of the modeling from a full 3D to different forms of 2D.
The 3D sequentially coupled thermal/mechanical simulation model to be described here has been designed to analyze detailed residual stresses generated due to microscale laser joining of two dissimilar biocompatible materials, polyimide and titanium, which are imperative for the long-term application. Mahmood et al. ͓4͔ was only focused on developing a symmetric thermal finite ele-ment ͑FE͒ model of the titanium and polyimide laser microjoining process. On the contrary, in this study thermal/mechanical aspect of the laser microjoining process has been considered. To have a more realistic approach a full 3D FE model ͑without considering symmetry͒ has been developed because of the asymmetric nature of the system: joining of dissimilar materials and traveling laser beam. The study here especially concerns laser microjoining of thin plates ͑m thickness͒, which are used for packaging of bioimplants, e.g., subretinal implant ͓5͔; however, the same technique can be used in joints of many other high-tech devices, e.g., optoelectronics. A precision modeling of residual stress is therefore of utmost interest as many of these high-tech devices are subjected to continuous cyclic thermal loading and corrosive environments. The sequentially coupled thermal/mechanical simulation model developed here using the FE code ABAQUS is the first step toward developing more detailed and sophisticated models to calculate residual stresses in miniaturized devices.
Transmission Laser Microjoining
The material combination for transmission laser microjoining must include a transparent material and an absorbent material. The laser energy transmits through the transparent upper layer, gets absorbed by the absorbing lower layer ͑Fig. 1͒, heats up and fuses the transparent upper layer at the interfacial zone, and forms the bond. Appropriate temperature development at the heated interfacial zone may result in chemical bond formation between the joining materials ͓6͔ as well. In this study, joining of polyimide or PI sheet ͑Imidex, Westlake Plastics Co., Lenni, PA͒ to titanium ͑Ti͒ foil ͑Goodfellow Corporation, Oakdale, PA͒ by means of continuous wave radiation from a Yb-doped fiber at = 1.1 m is considered. PI is known to be transparent in the near-infrared region, and the PI sheet has a transmittance of 81% at = 1.1 m.
Mathematical and Numerical Description
A comprehensive three-dimensional ͑3D͒ transient model for sequentially coupled thermal/mechanical analysis has been developed by using the FE code ABAQUS, along with a moving Gaussian laser heat source. The heat source equation denoting the Gaussian type intensity distribution for the moving continuous wave ͑CW͒ fiber laser beam is as follows:
Here P is the laser power, r is the radial distance from the center of the beam, and r is the characteristic radius ͑defined at which beam intensity falls to 5% of the maximum intensity͒. In this study, heat transfer modes include conduction in PI, Ti, Ni, and glass, natural convection and radiation to surrounding in all components, and gap conduction and radiation between Ti and PI.
Previous 
on the boundary S for ͑x , y , z͒ S and t Ͼ 0. S represents those surfaces subjected to radiation, convection, and imposed heat fluxes. Here, k n denotes the thermal conductivity at each node ͑W / m K͒, q denotes the experimentally determined heat flux normal to S ͑W / m 2 ͒, h conv is the convection heat transfer coefficient ͑W / m 2 K͒, is the Stefan-Boltzmann constant for radiation ͑5.67ϫ 10 −8 W / m 2 K 4 ͒, rad is the emissivity, T denotes the nodal temperature ͑K͒, and T 0 is the ambient temperature ͑K͒.
Standard variation techniques are applied to solve the system equations. This is accomplished through the Crank-Nicholson/ Euler theta integration method, in which the equations are solved at discrete time points in transient modeling. The difference between any two time points is known as the integration time, which is specified by the user. If necessary, the program's automatic time-stepping feature can be employed to automatically increase or decrease the integration time step based on the response conditions ͓8,9͔.
The simulation is initiated with an assumed initial temperature specified as the room temperature, and subsequent iterations use temperatures from previous iterations to upgrade the thermomaterial property matrices. The iterative process continues until a converged solution is achieved, which can be based on the out-ofbalance heat flow vector and/or the temperature increment from one iteration to the next.
Finite Element Model Development
The FE analysis of the laser microjoining of Ti and PI has been conducted using the FE code ABAQUS ͓8͔ by the sequentially coupled thermal-stress analysis. The geometry for this transmission laser joining process of two dissimilar materials is shown in Fig. 1 . In this study, two sequential analyses enable us to calculate the thermal/mechanical coupled fields ͓10͔. First the thermal analysis has been conducted to calculate the nodal temperature distribution, and then the structural mechanical analysis has been performed with the nodal temperature history and used to eventually calculate the residual stress. The entire process for this se- In the thermal analysis, an eight-node brick DC3D8 and a sixnode linear triangular prism DC3D6 diffusive heat transfer elements have been used. On the other hand, for the structural analysis, an eight-node brick C3D8 and a six-node linear triangular prism element C3D6 have been used. Nonuniform mixed mesh has been used and optimized to construct the 3D FE model, which has ensured very refined mesh around the bond area and extended away when far from the bond ͑Fig. 3͒. The same meshing has been used in both the thermal and mechanical analyses.
The material properties of Ti and PI used in the simulation are temperature dependent, as provided in Tables 1 and 2 , and obtained from Ref. ͓16͔ and the Center for Information and Numerical Data Analysis and Synthesis ͑CINDAS͒ database. The stressstrain relations for pure Ti and PI as functions of temperature have been obtained from Refs. ͓12,13͔. Melting and solidification issues have been approximated in the stress analysis by using appropriate material properties as functions of temperature.
Radiation and natural convection have been considered for the heat transfer boundary condition at all sides open to the surrounding. To define the variation in heat transfer coefficient with temperature ͑h conv = h conv ͑T͒͒, FILM PROPERTY option has been activated in ABAQUS to define the convective heat loss during and after laser joining. For natural convection and radiation, SFILM and SRADIATE options have been used, respectively, and emissivity of all components have been considered constant.
Heat transfer between the titanium and polyimide has been modeled by using the surface interaction technique option in ABAQUS, as physically these materials are in contact with each other; however, they have large and distinct temperatures on each side because of the difference in the conductivities and roughness of materials. The heat flow across interface occurs via contact conduction, which was defined by the GAP CONDUCTION ͓14͔ option, and radiation, which was defined by the GAP RADIA-TION option in ABAQUS. In this case, the mating surfaces at the interface have been modeled by using two separate sets of nodes belong to two different element sets corresponding to two different materials.
The moving heat source has been modeled by reassigning the location of the distributed heat flux, which was calculated using Eq. ͑1͒ at different time steps. The time has been calculated based on the scanning velocity and heat source location. The transient In the structural analysis, the laser irradiated bond between Ti and PI has been considered to be strong. This strong bimaterial interface has been modeled by using a common set of nodes within 165 m from the centerline of the laser travel symmetrically at both sides ͑bond width calculated by the thermal analysis͒ at the Ti-PI interface, which is shared by elements of both Ti and PI.
During laser heating the model has been constrained such that the clamping of the system, as shown in Fig. 1͑a͒ , can be simulated. To accommodate this, translation in the z-direction has been constrained for all the nodes at the top surface of PI and bottom surface of Ti as the clamping induces uniformly distributed pressure on these surfaces to tightly hold the system during the laser joining process. As there has been no clamping during cooling, these constraints are turned off. However, constraints have been applied separately on both the Ti and PI films during cooling so that all the unrealistic rotations in the x-, y-, and z-directions can be prohibited as shown in Fig. 4 , where 2 and 3 denote the y-and z-directions, respectively.
In this study, a nonlinear simulation has been performed with an elastic-plastic material model. Geometric nonlinearities have been included in the calculation so that the stiffness matrix can be updated.
General Description of Experiments and Samples
The Ti/PI foil samples studied in this work for the laser microjoining process have been prepared using a CW fiber laser that can generate a spot size minimum of 200 m with various powers from 4W to 1W, and a feed of 100 mm/min. A schematic diagram of the sample geometry and size is given in Fig. 1͑b͒ . The PI sheets have been made of thermoplastic polyimide Imidex ͑West-lake Plastics Co.͒ and the Ti foil is of 99.6% purity ͑Goodfellow Corporation͒. The surfaces of Ti and PI have been cleaned by ultrasonic cleaning with acetone and ethanol prior to placing them for the laser microjoining process. No additional surface treatment has been performed on Ti.
Results and Discussion
A schematic diagram of the transmission laser microjoining process of the two dissimilar materials Ti and PI is shown in Fig.  1͑a͒ . A scanning laser beam with Gaussian intensity distribution travels about 6.5 mm from start to end to form the microjoint between the two thin materials as shown in the 3D schematic diagram in Fig. 1͑b͒ . Laboratory tests for such an arrangement have been conducted at Fraunhofer USA, Inc. Figure 5 shows the temperature profiles on the PI surface transverse to the laser traveling direction after the temperatures have stabilized over the traveling length for the laser powers of 4 W, 3.14 W, 1.75 W, and 1 W at the laser traveling velocity of 100 mm/min. On the other hand, Fig. 6 shows the experimentally obtained process diagram for Ti/PI system using fiber laser. At 100 mm/min traveling velocity and a laser power of 3.14 W, good bonding is observed experimentally ͑Fig. 6͒ with high bonding strength of 15.5Ϯ 3.00 MPa ͓15͔. It can be seen from Fig. 5 that at the center of the temperature profile for 3.14 W, a temperature of above the melting temperature of PI ͑350°C͒ ͓16͔ has been achieved, whereas the highest temperature of this profile is less than the burnout temperature of PI ͑around 500°C͒ ͓16͔, which defines this bond as a good and strong bond ͑burnout temperature of PIϾ maximum temperature of PI achieved during heating Ͼ melting temperature of PI͒. On the other hand, the temperature profile for 4 W reaches the burnout temperature of about 500°C ͑Fig. 5͒, and provides a burnt sample, as shown in Fig. 6 . The other two cases of 1.75 W and 1 W provide no bonding condition in Fig. 6 , and as can be observed in Fig. 5 , both of them have not achieved the glass transition temperature for PI and hence are likely not to form any bonding.
Figures 7͑a͒ and 7͑b͒ plot the temperature profiles along the centerline of the laser travel at the good bonding condition ͑3.14 W and 100 mm/min͒ on the PI and Ti surfaces, respectively. In Fig. 7͑a͒ it can be observed that the temperature stabilizes to attain a constant maximum value as the laser beam passes along the centerline, and the stabilization time has been recorded to be about 1 s from the start of the laser travel for the laser parameters of 3.14 W and 100 mm/min. This stabilization period of time increases with the increase in laser power at the same laser traveling velocity.
It can be observed from Fig. 5 that the bonding zone is about 330 m in width defined by the region that gained temperatures of above the glass transition temperature ͑250°C͒ of PI. The numerical accuracy of the present model has been verified by comparing the width of the bonding zone with the corresponding experimental data. Image of the bond has been captured and bond dimension has been determined using an optical microscope after Transactions of the ASME the sample has been peeled off into their Ti and PI counterparts. Figure 8 shows such an image where the bond width has been found to be approximately 300 m. In order to further validate the FE results temperature measurement experiment has been conducted. As shown in Fig. 9͑a͒ , three K-type thermocouples ͑Omega®͒ have been placed in between the polyimide and cover glass at three different locations. Since the size of the laser bonded area and the foil thicknesses are very small, in order to overcome the effect of thermal mass, a small diameter wire ͑0.02 mm͒ has been used. As shown in the figure the first thermocouple has been placed at 1 mm from the start of laser travel, the second thermocouple has been placed in the middle of laser travel, and the third one has been placed 2 mm away from the middle thermocouple. All the thermocouples have been connected to the data acquisition unit ͑National Instruments, Austin, TX͒, which has been connected to the computer system and operated by using LABVIEW® interface. The experimental and simulation maximum temperature results have been observed to be comparable at all three locations ͑Fig. 9͑b͒͒.
With the nodal temperature data at different time steps gathered together, a sequentially coupled thermal/mechanical analysis has been performed to obtain the residual stresses after the whole system is cooled down to the room temperature of 27°C. Figure  10 shows these residual stress ͑von Mises stress, xx and yy ͒ contours on the PI and Ti surfaces. It can be observed from Fig.  10͑a͒ that the residual ͑von Mises͒ stress is low near the centerline of the traveling laser beam surrounded by higher values ͑about 160 m away from the centerline symmetrically at the two sides͒ shown by the thin gray contours surrounded by the brighter contours on the PI surface. On the other hand, Fig. 10͑b͒ , providing the residual ͑von Mises͒ stress contours on the Ti surface, shows higher stresses near the centerline of the traveling laser beam and the stresses decay away as the distance from the centerline increases. Figures 10͑c͒ and 10͑d͒ show the xx values of the residual stresses on the PI and Ti surfaces, respectively, and similarly, Figs. 10͑e͒ and 10͑f͒ give the yy values on the PI and Ti surfaces, respectively. zz values have not been included here as they are negligible with respect to xx or yy . From Figs. 10͑c͒ and 10͑e͒ it can be observed that xx and yy are both compressive near the centerline of the laser travel, showing negative values ͑darker contours͒ surrounded by tensile stresses ͑brighter contours͒ on the PI surface. On the contrary, Figs. 10͑d͒ and 10͑f͒ provide positive values of xx and yy near the centerline of the traveling laser beam referring to tensile stresses on the Ti surface.
In the laser microjoining process of the Ti/PI system the only thing that differs between the heating and cooling parts is the formation of bond. Residual stress due to thermal loading occurs in any material if the expansion/contraction due to a temperature rise/drop is prohibited by external obstruction. In this laser microjoint of the Ti/PI system the only external obstruction is the formation of bond between the Ti and PI. At the highest temperature achieved ͑about 950°C for Ti and 378°C for PI͒ during the bonding process, maximum expansion occurs in Ti due to higher thermal expansion coefficient of 5.62/°C ͑at about 950°C͒, followed by the area in PI near centerline of the laser travel, which has a thermal expansion coefficient of 5.5/°C at 378°C, and then followed by the area in PI that achieves temperatures above the glass transition temperature of PI. Let us assume that the bonding occurs just after achieving the highest temperature or at the beginning of cooling process. When the cooling starts, both the Ti and PI start to contract. However, there is a bond between the Ti and PI in this case, which acts as a common area during this contraction in the cooling process. This bond will experience different types of contraction at its Ti and PI sides. In the Ti side there will be faster and higher contraction because in Ti, expansion and heat conduction is higher. PI will go through slower and also lower contraction because the heat conduction is slower and the previous expansion was not as high as Ti. As the bond area is common to both of the Ti and PI, higher and faster contraction in Ti will put it in tension as the bond area will not be able to contract at as fast and high pace. This tension in Ti will create compression on PI in the bonding zone. It should be mentioned here that xx and Fig. 10 Residual stress contours on the PI and Ti surfaces after cooling the system down to room temperature: "a… von Mises stress on PI; "b… von Mises stress on Ti; "c… xx on PI; "d… xx on Ti; "e… yy on PI; and "f… yy on Ti 011004-6 / Vol. 132, JANUARY 2010
Transactions of the ASME yy show compressive stress on PI ͑Figs. 10͑c͒ and 10͑e͒͒ and tensile stress on Ti ͑Figs. 10͑d͒ and 10͑f͒͒ near the centerline of laser travel. Figures 11͑a͒ and 11͑b͒ show profiles of xx plotted transverse ͑x-direction͒ to the direction ͑y-direction͒ of the laser travel at the middle of the bond length on the PI and Ti surfaces, respectively. It is profound in Fig. 11͑a͒ that the compressive stress occurs on the PI surface within about 0.165 mm from the centerline of the traveling laser beam symmetrically at both sides. Outside this compression zone tensile stress gathers from 0.165 mm to 0.5 mm from the centerline at both sides. On the other hand, Fig. 11͑b͒ shows on the Ti surface tensile stress forming from the centerline to about 0.165 mm at both sides, giving compressive stress from about 0.165 mm to 0.21 mm, then showing tensile stress, and again going back to compressive stress from 0.34 mm to 0.5 mm. In this laser microjoint between Ti and PI the width of the bonding zone is about 0.33 mm, i.e., 0.165 mm from the centerline at both sides. From Figs. 11͑a͒ and 11͑b͒ it is evident that tensile stress at the Ti ͑stronger material͒ side of this bonding zone has created compression at the PI ͑weaker material͒ side. The tensile stress zones at the two corners of the bond width on the PI surface may counteract with the compressive stress zones at the two corners of the bond width on the Ti surface to some extent, and may also locally balance the compressive stress created near the centerline on the PI surface. However, these tensile stress zones at the two corners of the bond width on the PI surface being so prominent ͑about 15 MPa at the peaks͒ may be because of the differences in the material properties between PI ͑weaker͒ and Ti ͑stronger͒. PI is a weaker material than Ti with an elastic modulus of about two orders of magnitude lower than Ti. This discrepancy is incorporating the tensile stress of higher magnitude on the Ti surface compared with the magnitude of the compressive stress on the PI surface near the centerline of the laser travel. It is evident from Figs. 11͑a͒ and 11͑b͒ that this compressive stress on the PI surface cannot possibly fully balance the tensile stress on the Ti surface near the centerline of the laser travel. Therefore, this imbalance is being compensated by the generation of tensile stress zones at the two corners of the bond width on the PI surface. These types of tensile stress zones are also evident at the start and end of the bond with compressive stress near the centerline all along the bond length in case of yy contours on the PI surface ͑Fig. 10͑e͒͒. To end this explanation, it should be mentioned that the above explanation explains the xx and yy contours on the PI and Ti surfaces, which are the major contributors to the von Mises stress as the zz values are much lower compared with these two stress components.
When the whole system cools down higher tensile stress builds up near the centerline of the laser travel on the Ti surface and compressive stress builds up near the centerline on the PI surface. The magnitudes of the tensile stresses on the Ti surface are higher than the magnitudes of the compressive stresses on the PI surface. Now, overall, the whole system will try to relax out of its stresses. To achieve that Ti needs to contract more and PI needs to expand near the centerline. On the PI surface the region within 0.165 mm from the centerline of the traveling laser beam on both sides attains temperatures of above the glass transition temperature of PI ͑Fig. 5͒. Within this region a subregion of about 0.05 mm from the centerline on both sides goes above the PI melting temperature. On the other hand Ti remains in solid state over the entire laser heating as the melting temperature of Ti is very high and cannot be reached during this bonding process. Therefore there remains a melt zone surrounded by a softened zone in PI after the cooling process has begun. Since this melt and softened zones experience compressive stresses and the possible relaxation should accompany an expansion in these zones; in the whole system these zones will be the easiest parts to relax out of their stresses as the other parts either remain in solid state or solidify earlier during the cooling process. We anticipate that this may be the reason behind the accumulation of lower von Mises stresses near the centerline of laser travel on the PI surface ͑Fig. 10͑a͒͒. Figure 12 shows the comparison between the temperature and residual stress profiles on the PI surface across the centerline of the traveling laser beam at three distinct locations: start of the laser travel ͑Figs. 12͑a͒ and 12͑b͒͒, in the middle of the laser travel ͑Figs. 12͑c͒ and 12͑d͒͒, and at the end of the laser travel ͑Figs. 12͑e͒ and 12͑f͒͒. In Fig. 12͑a͒ the maximum temperature has not reached even the glass transition temperature of PI as it is the start of the laser travel. However, in Figs. 12͑c͒ and 12͑e͒ the temperature profiles achieve glass transition within 0.165 mm from the centerline at both sides ͑indicated by dotted lines͒ and also melting temperature within 0.05 mm from the centerline at both sides ͑indicated by dotted lines͒. It can be observed from Figs. 12͑d͒ and 12͑f͒ that the maximum residual stresses accumulated near the dotted lines denote the achievement of glass transition temperature. This phenomenon certainly comes under the same explanation as provided above. It is also profound from Figs. 12͑b͒, 12͑d͒, and 12͑f͒ that residual stresses in the transverse direction to the laser travel have both the maximum peaks and the lowest values in the middle of the bond length ͑Fig. 12͑d͒͒.
Residual stress ͑von Mises͒ profiles along the centerline of the traveling laser beam have been provided in Figs. 13͑a͒ and 13͑b͒ on the PI and Ti surfaces, respectively. We can observe similar pattern of the von Mises stress distribution in the longitudinal direction ͑Fig. 13͑a͒͒ on the PI surface when compared with that in the transverse direction of the traveling laser beam ͑Fig. 12͒, i.e., there are lower stresses in the middle and higher stresses at the two ends or at the start and end. On the other hand, on the Ti surface, the von Mises stress profile along the centerline ͑Fig. 13͑b͒͒ remains almost flat from start to end with slight increase toward the end point, which is also similar to the von Mises profile across the centerline on the Ti surface ͑figure not shown here͒. Therefore, these figures can also be explained by the explanation provided above as the longitudinal profiles are quite similar to the transverse profiles in both the Ti and PI cases. It is also profound in Figs. 13͑a͒ and 13͑b͒ that the maximum residual stresses occur at the end of the laser travel on both the Ti and PI surfaces, which can be attributed to attaining higher maximum temperatures at the end of the laser travel, as shown by the temperature profiles in Figs. 7͑a͒ and 7͑b͒ . The maximum value of the residual stress has been observed at the end of the laser travel and found to have a value of 29.4 MPa on the PI surface, which is in the order of the yield stress of the PI material ͑about 69 MPa͒. On the other hand, the maximum residual stress on the Ti surface is 229 MPa found also at the end of laser travel and less than the yield stress of Ti material ͑240 MPa͒ at room temperature.
Conclusion
The FE code ABAQUS based thermal/mechanical simulation model developed here is the first step toward developing more sophisticated models to design manufacturing processes for miniaturized devices needing microscale heat transfer and structural analyses. In this study simulations have been carried out to obtain Fig. 12 Temperature and residual stress "von Mises stress… profiles on the PI surface across the centerline of the traveling laser beam: ""a… and "b…… at the start of the laser travel; ""c… and "d…… in the middle of the laser travel; and ""e… and "f…… at the end of the laser travel a good combination of laser microjoining parameters for the Ti/PI system and found to be 3.14 W of laser power and 100 mm/min of traveling laser beam speed at 0.2 mm of laser beam diameter, which has also been experimentally verified to confirm the good bonding conditions. The developed computational model has also generated a bonding zone, which is similar in width to the bond width of the Ti/PI joint observed experimentally by an optical microscope, and maximum temperatures at three locations comparable to those measured by thermocouples.
After these comparisons with the experiments, residual stresses on the Ti and PI surfaces have been modeled with the nodal temperature history generated by the thermal analysis at different sequential time steps. It has been observed that on the PI surface lower von Mises residual stresses gather near the centerline of the traveling laser beam surrounded by contours of higher residual stresses and then gradually fade away far from the bonding region. On the other hand, on the Ti surface, higher von Mises residual stresses have accumulated near the centerline of the traveling laser beam and gradually decrease as the distance from the centerline increases. It has been anticipated that this type of residual stress pattern has been generated due to thermal expansion and contraction mismatches between the two dissimilar materials at the two sides of the bonding and also due to the melting and softening of the PI near the centerline of the laser travel. Maximum residual stresses have been found at the end of the laser travel on both the Ti and PI surfaces, and are in the orders of and still lower than the yield stresses of the corresponding materials.
